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In this book are presented basic physical
phencmena assumed as a tasis for military appli-
cation of instruments of infrared technology;
there are considered certain elements of these
instruments, and also there are expounded questions
of military application of infrared rays for the
solution of separate tactical problems.

Construction and tacticaliy technical data
of some instruments of infrared technology are
torrowed from the foreign preas based on thelr
status in 1960.

This book 18 calculated basically for the
military reader, however it may be useful for a
wider circle of readers interested in the de-
veloment of a means of tschnolegy of infrared

rays.
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Infrared Technology in Military Ma ters.
Moscow, Tzd. "Scvetskoye Radieo,” 1963,

la es: Uc-er - 259

PREFACE

The technology of infrared rays is a divisior of contemporary physics and
eiectronics, embracing questions ¢ ° radiation, propagation, and registration of
infrared rays, and also their practical use in research laboratories, inaustry,
and military matters.

In this boock are considered physical phenomena connected with radiation,
propagation, and registration of infrared rays; it presents generalized material
of works in the rer on of military application of infrared rays and makes an attempt
at analysis of the promising developments in this comparatively young regicn of
military technology.

The book consists of two parte. In the first part, including six chapters,
are considered questions of physics and technology of radiation, rpropagation, and
registration of infrared rays, and also certain elements of military instruments
founded on the use of infrared rays. In this reapect _he first part is introdu.tory
for the s:~ond, including six chapters, where an analysis is made of the development
and contemporary state of instruments of infrared technolcgy applied by foreign
armies,

In the second part the greatest attenti.n is given to queations of intelligence,
detection, and aiming with help of instruments of infrared t2:chnology, which i . not

5
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conce ning principles of construcztion of instruments of infrarec technclogy,
iluminescence, electron: : and gsometric optics, the arror of these systems iuring
construction of thr image, and sev ral other questions. With respect to *l=8e
questions the authors refer the readers to correspconding courses of optics and
rhysics,

In this book .il concrete examples, con erning constru-tive zclutions,
technical and tactical appraisals and characteristics, and 2lso prospects of de-
velomnent, are based on material of foreign technical literature, The 1iist of
literature used is given at the end cf t e book,

The author: thank Engineer-lieutenant Colonel I. F. Usol'tsev for a number
of valuable indicatione during the editing of the book, Doctor of Technica! Sciences
i. Z, Kriksunov, and Candidate of the Technical Sciences M. A. B-amson, for taking
on the labor of reviewing the book, and also Fngineer S. V. Yudkevich for atten-
tively examiring certain chapt.rs of the manuscript. Their advic~ w»as considered
Juring final editing of the manuscript.

During work on the book Chapter IX (Sections 1 - 3) and Chapter X (Secti. . .

1 - 2) were written by B. V. Tyapkin; the remaining chapters by Yu. A. Ivaaov




INTRODUCTION

In the period of the Second World War in the arming of armiss of the fighting
states there begsn to appear various instruments facilitating the conduct of combat
actionas at night. Among them, in the first place, one should include radar and
heat—direction finding equipment and instruments of night vision. Already the first
application of infrared instruments shrwea promise for the solution of a majc ity
of “actical problems on land, in the air, and on the sea during favorable mete-
orological conditions, Therefor:, in the postwar period the volume of works in
the region of military applization of infrared instruments has sharply increased.
Simultaneously they began to develop tactics of their application in troops and
intensely tc equip, with infrared equipment, the Army, the Air Force, antiaircraft
defense, and the Navy,

Large works in the region of military application of infrared rays are con-
ducted in the United States, *ngland, France, Italy, the Federal Republic or
GCarmany, Sweden, Japan, Switzerland, and in certain other countries,

The signifizant interest toward infrared instruments is caused by the advantages
which infrared radiation possesses as compared to the slectromagnetic oscillaticns
of radar and light ranges of wave lengths.

1. Infrarsd beams are raclated by practically all bodis= havinz a te. rera: .. :

other than a solute zero. Consequetly, wnfrared lnstruments can be a paasive




principie of action and doc not reguire, for detection o target, its irradiation
by electromugnetic energy.

=. Infrared reys are not detscted by the eye, tharsfore, both passive and
a~tive instruments of infrared technology rannot be detected by ar enemy not armed
with corraespondiig ec iipment.

3. Since the transparency of the atmosphere is better for infrired rays than
for visible ones, it allowe us to increase the range of infrared instruments as
conipared to optical and, what is most important, allows us to carry out observation
of tergets at night in the absence of their visugl visibilit..

4. With correct selection of range ofsoectral sensitivity of passive infrared
instruments, losses of radiation energy in the atmosphere are proportional to the
square of distance, while loases of ern:-gy of elsctromagnetic osciliations cf radar
inst.ruments a.e propertional to the fourth degree ¢f distance, This allows us tn
create infrared instruments which are simpler, with less weight and smallier
dimensions than radar of the same purpose and with the same rang:.

5. Simplicity of construction, naturally, determines higher reliability of
infrared instruments as compared to radar equipmen:

6. The passive principle of action and the presence of the possibility, by
simple means, to free themselves from the hindering effect of the background
(selection of target) make infrared instruments less subject to interferences on
the part of the enemy as compared with radar stations.

7. Using for their work electromagmetic oscillations of a rang~ of waves
between visible light and millimeter waves, infrared instruments, while yielding
in resolving power to optical systems, significantly exceed radars in this respect.
Thus, for instance, although radar stations with an S-mm range of waves and with
an antenaa diameter of 3V cm allow us to resol ' from a range of 8,000 m two targets
at a distance of 40500 m, & heat-direction finder with mirror 7.5 cm in diameter
and a photoresistor of PbS allows us tc observe from th: same range separate motors

of an a‘reraft located at a distancs of 8 m from sach other.
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Still higher resolving power have electrnic optical sye*ems, ensuring the

cbservatior of oblects in infrared rays almost with photographic clearness.

However, such fundamental deficiencies of inrrared methods of srming as the

practical impossibility of their work in unfavorable meteorclogical conditions {fog,

overcast), and also the difficulty of target range measurement force us to apply

them in combination with radar technology.

Nevertheless, in spite of these deficiencies, in the armirg - £ capitalist

countries there have appeared. in ever increasing quantities, infrared instruments

for solving, in combination with other means, the following problems:

1)
2)
3)
L)
5)
5)
7)

country.

Tactic :1 and strategic intelligence,

The guiding of rockets and missiles to heat-radiat ng targets,
Noncontact blowing up >{f ammunition near target,

Detection of heat-radiaiing targets at night and aiming by them,
Navigation,

Communications and signalling between units,

Protection of military objects and the blocking of narrow sections or

Along with the solution of these problems there in conducted also intense re-

search in the region of the use of infrared instruments for the neceds of antimissile

defense, intelligsnce from space, and communi-:ations in space.




PART I

PHYSICA. BASES AND ELEMENTS OF INSTRUMENTS
OF INFEARED TECHNOLOGY




CHAFTER 1

BASIC IDEAS ABOUT RADIATION

1. Nature of Radiation

Radiation we understand as the transfer in spece from one body to other of
energy either with the help of particles ¢f matter ( § and a -radiation during
radioactive decay), or with the help of an alternating electromagnetic field
(¥ -radiation, x-radiation, light, infrared rays and radio waves).

From all the varisty of forms of radiation there will subsequent.y be con~
sidered only the so-called optical radiation, and in it, in turn, - the stiil
narrower region of infrared rays.

As any electromagnetic osciilation, infrared radiation is possible to character-
ize by frequency v , wave length A and speed of propagation wv.

Sometimes electromagnetic oacillaiions are characterized by wave number A,
under which we understand a number of wave lengths, p-cked in a section, equal to
one centimeter.

Connection between basic magnitudes of radiation is determined, as is known,

by ratios:
[ 4
A=~ (1.1)
A
U::T-' (1.2)

where ¢ = 2.998 - 1010 cm/sec ia the apsed of 1ight in & vacuum;

T i3 "he period of osciliations.

1
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In a medium, whese index of refraction is not equal to unity {(n 5 1), the
speed of propagation ¢ [ electromagnetic oscillati. ns differs from the speed of light
in a vacuum

({'=—:—. (1.3)

By comparing (1.2) and (I.3), it is possible o ncte that for one and the
same radiation the wave length will change depen: ing upon the medium, where prop-
agation of electromagnetic oscillations occurs, whereas their frequency remains

constant.

The range of waves of electromagnetic cscillations is very great — from 10711
1G
to 3 - 1077 cm. Therefore, for the measurement of wave length of electromagnetic
oscillations, along with well-known units of length, we use the smaller ones:

-]
micron (# ), millimicron (mu ), angstron (A) and ex (X) (Table I.1).

Table I.1. Connection Between Units of Measurement of the Wave
Length of Electrowagnetic Oscillations

Units m cm mm m o i ; X
1 Meter...... ! 10° 1100 | 10% | 109 | 1010] 1013
1 Centimeter...| 102 | 1 10 10* | 107 108 | 1011
1 Millimeter...| 12073 | 1071 | 1 103 | 10® 107 | 1010
1 Micron.......| 1076 | 107 | 1073 | 1 103 104 | 17
1 Millimicron..| 1079 | 107 | 1076 | 10-3| 1 10 104
1 Angstron,.... 10019 108 | 1077 | 1074| 0~} 1 10°
D Xeernnn. oo | 10713 10711 10719 1077 1074 | 1073 1

A wide range of waves of electromag. etic rad ation is conveniently presented
in the form of a acale broken down into separate regions, including oscillations
simi” .r 1in their precperties, mesthods of obtaining, ard methods of registration

‘Fig. 1.1).



As can be seen from scale of electromagnetic oscillations, the region of
optical radiavion includes oscillation of wav.s appreximately from 10 mu to 3404 |
and the range of infrared ray: lies within limits of O.75~3L0 »x *.

Electromagnetic cscillation have dual character, i.e., possess both wave

proverties and corpuscular.

foycles per
,oueend

electirumagnetic oscillations,

*Based un contemporary d: ta, this range can be expanded to 720-750 & , i.e.,
up to submillim~ter radio waves.-—Fditors Note.



Wave electromagnetic thecry of radiation explains well & series of optical
pheromena: interference, diffraction, olarization, reflection, and refraction
cf light rays. iowever it is contradicted by experimental cata during explanation
of phenomena, connected with interaction of radiation with subatance; —- distributic

of energy in spectrum of radiation of heated bodies, rhotoelectric affect, light

scattering, etc.

A way out was found after publicatior
Tat «~ 1.2. Fnergy of Photons of

Electromagnetic Oscillations in 1900 by Planck of the quantum thecry
of Different Wave Length

( 12 ) of radiation. Thie theory carries the
1l ev=1.59 - 107*“erg

idea of iscretion (discontinuity, of the
Wave Energy of Photon

Length, structure of matter to electromagnetic
M er ! ev

processes of radiation. According to this
( 6.22-10712 | 3.9

12 theory the energy of elementary radiators
J.55 3.4 -10 2.14

-12 (atoms and molecules) can change only by
0.76 2.46-10 1.53

_12 jumps, multiples of a certain value con-
1 1.87-10 1.17

. stant for a given frequericy. Such a

1.3 1.44+10712 | 0.91

minimmm (for a given frequency of radi-
0.62-102 | 0.39

APV

ation) portion f energy Planck called a
5 0.37-10712 | 0.23

quantum of energy,

12 0.16-10712 | 0.10
o= hv, (I.4)

where h = 6.6238-10"°7erg-sec is the
unive ~sal Planck's constant.
Later, in 1905, Einstein developed FPlanck's theory further and carriel the
idea of discretion of radiation to propagation and absorption of electromagnetic
to be considered an fiux of particies of matter -~ photons -
with energy 4y and mass

my=— " (1.5)*

#The Russian sutscript " " indicate- "photon®. -Fd.

10




. 3« e 1o g
Ch I censiaerdid

“onsequently, in accoerdapce with the pnoptom Cneconr radial
not ¢nly as a process of transformation of ope form ~f <2ergy into another, but
as a transition of matter from a form of swl2tance in'n a form of electrumagnetic
field, and conversely,

In Table 1.2 are presented values «f cner of photons with different wave
F oy ¢

lengths.

2. Fnergy Characteristics of Radlation

Application of instruments of infrared technolofy is based on registration or
quantitative measurement of energy, ‘ransferable by electromagnetic wave from the
source of radiation to the receiver.

Depending upen receiving devices and spectral composition of the radiation
subject to measurement, two systems of units are established - snergy ard light
technology (Table I.3).

First system of units is universal and may be applied to the whole range of
spactrum of optical radiation; the second - light technology - may be used only in
the region of viaible radiation and loses meaning in the region of ultraviolet
and infrured rays. Therefore, subsequently there will be considered only magni-
tudes taken in the energy system of units. 0Designation of magnitudes is given in
the new terminology recommended bty tie Committesr of Technical Terminology of the
Academy of Gciences of the USSR,

Radiant flux (v characterizes power of opt (1 radiation ard allows us to

Judge energy content of radiation hi*ting cpti-al ins!* mments,

AW

Py :
v (1.6)
whers ¥ 15 energy of radiation.
In *he case of mono~hronat i ratiat lorn rad ant Iux 13 estimatec by the
spectral power of the enerpgy of radiatior. Fer sources of optical radiation having

continuous spectrua, the total radiant firx to deternined by the area T atween the




spectral curve of radiation and *he axis of abscissas.
),
°=S?ldl. (167)
A

Table I.3. Light Technology and Energy Systems of Units of Measurement
of Radiation Energy

Systems of Units

Designatior. of Light Techm-logy Energy
Magnitude
<signation Unit Designation Unit
Total energy Light energy | lu-sec Energy of w.Sac
Radiation
Energy per unit of Luninous 1u Radiant W
time flux flux
I::nex-gy per unit of Luminous cp Radiation w
time and on a unit intensity intensity sterad
d of solid angle
|
o| Energy per wnit of Lightness lu Density of
4] time from a unit of 12 e Radiat{on =
ol surface cm
b
g Energy per unit of Brightness stilbh Radiance w
time on a unit of
cmest
solid angle from a erad
unit of surface
Energy on a8 unit of | Luminous lu/w Radiation —
supplied power efficiency yield
Energy on & wnit of | Quantity of |lux‘sec | Quantity of | _w-sec
area illumination Irradiation cm?
é Energy on a unit of | Illuminance |lux Irradiance w
3 E area per unit of _Tcm
o o} time
R

Radiant flux is measured in units of power, and in some cases its power is
compared with the power of particle flux, expressed in ev/sec. In this case
transition to tte usual units of power can tas carried oul, using the following

R0 ev/sec.

relationship, 1 w = 6.29-10




Tatle I.4. Cornection Between Basic Units of Measurement
of Power of Radiant Flux

Designati

of ug?: on erg/sec W cal/sec cal/min

1 erg/sec 1 ¢,9997-10"7 {2,389-1078 | 1,434-20-¢
1w 1,003+107 | 1 0,239 1,34

1 cal/sec a,185-107 4,185 1 60

1 cal/min 6,976-1¢° | 0,06976 0,01667 1

Snece ~hapacLer of distribution of radiant flux is determined by radiation
intensity J . under which we understand the ratic of radiar® flux to magnitude of
solid angle, in which radiation is evenly distributed. Therefore, sometimes the
idea "radiation intensity" is defined as angular density of radiant flux in a given
direction

A0
da ° (1.8)

This idea is valid only in a case of radiation of a point source. However,
in practice, with sufficient accuracy, this idea can be used also in a case of
sources whose linear dimensions are significantly less than t“e distances at which
their radiation is taken.

Magnitude of solid angl:  may be defineu as the ratio of a surface, cut by
a cone with a summit in center of sphere, to the square of its radius

“-—. (1.9)

For a unit of solid angle is taken steradian - a solid angle, to which on the
sphere of the unit radius there corresponds a surface with an area equal to unity.
A solid angle, embracing all space around a point source of radiation, is equal to
4 n. Therefore, with equal distribution of radiant tlux in all directions, radi-
ation intensity in a given direction may be calculated by the formula

J=2. (1.10)
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In the case of nonmiform distribution of rediant flux in spece it is aecessary
to introduce the idea of average-spherical (average-hemispherical) radiation inten-
sity, under which we understand radiution intensity of a source with equal distri-
bution of radiant flux, whoss magnitude is equal to the rediant flux of a source
with nonuniform distribution.

From the resulting expressions can be made one wvery important conciusion in
order to understand the essence of the work of eources of radiant fiux: the magni-
tude of full radiant flux of a given source of radiation camnot be increased by
optical systems. Application of optical systems allows us only to redistribute
radiant flux from one direc.ion to another.

When determining radiation of rsal bodies of different configuration, the
celculation of radiant flux and radiation intensity presents well-known difficulties.
Therefore, in Table 1.5 are given characieristics of radiation of sources of the
simplest form, which in a number of cases, by m3ans of combining, can simplify the

calculation of radiation of sources even of a more complicated form.

Table I.5. Characteristics of Radiation of Bodies of Simple Form

Porm c¢f Source Radiation Radiant | Average-Spherical
of Radiation Intensity Flux Radiation Intensity
L
iuminescent Disk J =, cose @==Js < Vo
Luminescent Sphere J =] == const O=t= Je Je
1
Lumineacent Hemisphers | 7 __‘Za_g (14<os a) o=12xJs ’ 7
S =J
Luminescent Cylinder J =Ju sas & =x"Ju Rl
J 3 Lo+
Luminescent Cylinder -3 (I+ D=3t 3
with spherical end -
+cose) +J wtln e +5°J + 5w

NOTE: Je is radiation intensity in a direction normal to the radiating surface,

Je is radistion intensity at an angle of 90° to the axis of a cylinder,

J is radiation intensity at angle e to mormal.




Density of radiation 4 characterizes surface density of radiant flux emitted
by the surface of a given source. Quantitatively it is equal to the ratio of total
radiant flux inside solid angle 2% to the area of the radiating surface:

#=4T (1.11)

Radiance # characterizes surface density of radiation intensity in a given
direction or, in other words, this is the ratio of radiation intensity to the area
of projection of the rediaiing surface to a plane (Fig. I.2), perpendicular ‘o a
glven direction:

‘P==7ﬁ£%Er' (1.12)

For surfaces whose radiation obeys the law of Lambert and, consequently, does
not depend on direction, the magnitude of radiance also does not depend nn direction.
For such bodies, dependency between radiation density and radiance takes the form:

R-=xF. (1.13)

Irradiance # characterizes surface density of radiant flux incident on a
given surface, Numerically it is equal to the ratio of radiant flux to the area of
irradiated surface, on which it 1is evenly distributed

8 .____%i:; . (I.14)

Expressing radiant flux through radiation intensity, we obtain

(1.15)

g=Jsee

The last equality shows that
al

irradiance of a surface, created by a

point source, is reciprocal to the square

of the distance between irradiated surface
Fig. 1.2. Determination
of radiance. and source and depends on the angle be-

P o

e WS

tween direction of radiant flux

normal to a given surface (Fig, I.3).

For surfaces whose radiation obeys the law of Lambert, irradiance is connscted

with radiation density and raalance by the following relationships,
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R (1.16)

=1 (1.17)

Quantity of irradiation J¢ determines energy content of radiation falling on

an irradiated body for a definite time,
o= [8d!. (1.18)

This idea finds wide application in different photochemical processes, and,
in particular, in photography, where quantity of reacted substance is proportional
to the power of incident radiation (irradiance) and the time of action.

s er Radiation yield 7> determines

sw " effectiveness of one or another source
of radiation, in which there occurs
a§ transformation of some form of energy
: into energy of radiation. Quantitatively
Fig. I.3. Determination
of irradiance of a surface. radiation yield is determined by the ratio
of radiant flux radiated by a source to
the power supplied to it.
=3 1000/, (1.19)

If one were to determine the effectiveness of a source of radiation with
respect to some definite receiver of radiant flux, determmining the effectiveness
of the use of spectral energy of radiation of a given source, then, considering
(I.7) and (I.11), we obtain

Si‘slqdl

e (1.20)

where 1, and 2, are boundaries of sensitivity of the receiver of radiation,
f, is spectral intensity of radiation density of a source in the range
of sensitivity of the receiver,

S, is spectral sensitivity of the receiver.
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3. Spectrum of Optical Radiation and i:3 Image

Undar spectrum of optical radiation we understand the ordered location of
separate monochromatic radiations by wave lengths. Such location can have the
form of a continuous curve and separate lines or bands between which radiation is
absent (Fig. I.4).

In the first case they have something to do with a solid (continuous) spectrum
of optical radiation, consisting of an infinite number of lines continuously
following one after another. This form of spectrum is characteristic for radiation
of heated solid and liquid bodies. In certain cases, for instance at very large
pressures, a continuous spectrum is created by the radiation of gasiform atoms and
molecules.

In the second case the spectrum of radiation wil! be called either line or
band.

Line apectra consist c¢f separate thin lines distinctly divided from each
other. Such spectra are radiated by excited atoms or ions, at such a diastance from
each other that their radiation can be considered independent. Therefore, heated
gases or vapor at normal pressure always give line spectra.

Bund spectra consist of a large number of closely located lines, forming
separate, clearly differentiated bands. These spectra appear during the study of
molecules of gases consisiing of two or more atoms, with such a distance between
molecules that their radiation can be considered independent. Therefore, band
spectra are radiated by polyatomic molecules of heated gases, whoae temperature still
is insufficient for dissociation of their molecules into atoms or ionms.

If radiation is formed am » result cf several different proceases, then mixed
spe~ira can be formed. An example of such a form of spectra is the apectrum of
radiation of an electrical arc, gas-discharge tubes of high and super-high pressure,

etc.
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Besides such division, a spectrum of optical radiation is sometimes conveniently
subdivided by the nature of appearance and methods of its registration. Such a
classification is shown in Pig. I.5, where, besides the nature of radiation and the
receivers for its registration, there are indicated sources of radiation, and also

wave lengths, frequency and wave numbers, corresponding to some spectrum of radiation

L] ) & L) G |
ll.l ll 2 '.I.ﬂ?ﬂﬂq l/,\,a M‘

’

Fig. I.4. Types of radiation spectra.
l—Line; 2--Band; 3~-Continuous; L—
Mixed.

In practical application of infrared instruments there is always actually
measured the irradiance of the receiving device, created by the measured radiation.
Therefors, it is more correct to talk, not about the spectrum of radiation, but
about the distribution of irradiance created by a spectrum of given radiation in
the plane of the receiving device. In this case, automatically considered are
losses of radiation in the thickness of the mediwm where measured radiation spreads.
If it is necessary to obtain data about the real spectrum of radiation it is neces-
sary to obtain data about the real spectrum of radiation it is necessary to de-
termine losses in a medium at & given distance and to introduce correction in the
obtained relulta_ of measurement of irradiance.

There can be practically recommended three methods of plotting spectral curves
of irradiance.

It is possible to present a continuous spectrum (Fig. 1.6) consisting of
separate spectral lines located at equal and minute spectral interwvals "a". For
every such line one can determine irradismce in w/c=? and plot it on the graph in
the form of an ordinate. The width of spectral intervals depends upon the structure l
of the spectrum: the thimner the spectrum, the narrower must be the spectral
intervals. The sum of all ordinates gives in this case the general irrediance of
the receiver, created by all the spectrum of radiation.

18
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Fig. I.6. Methods of plotting spectral curves of irradiance.

Another method of plotting a spectrum of irradiance consists of plotting
irradiance of separate spectral intervals in the form of rectangular plateaus "b".
Wave length in this case is taken in linear scale. The area of a rectangle equal
to the product of ¢,A2, is the msasure of irradiance created by radiation at a
given wavelength interval. Since magnitude AA has & dimension of length, then
for the product of ¢£,A1 to have dimension of irradiance (w/cm®), spectral inten-
sity of irradiance ¢, should have dimension of w/cm>. Its numerical value depends
on the selection of a unit of measurement of length of spectral interval. Thus,
it AL is expressed in millimicrons, then in order to recalculate irradiance in
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w/cn2 for a wave langth interval expressed in om, to a magnitude of irradiance in
w/clz for awvave _ength interval in mu., it is necessary that all ordinates be de-
creased in 107 times. For instance, if & = 10 w/ew’, this corresponds to irradiance
1 microwatt/ce? for 1 m# .

A spectrum, depicted thus, presents rectangles continuously following one
after the other. Their sum is the measure of irradiance created by the entire
spectrum of radiation. Decrearing the width of spectral intervals, there can be
obtained at ths end an envelope repeating all the details of the structure of the
spectrum. In this case, the measure of irradiance is the area between the circle
and the axlis of abscissas.

If along the axis of abscissas nonlinear acale jis applied, then, for the
purpose of preserving elementary rectangles as the measure of irradiance for the
corresponding wavelength intervals, it is necessary to change simultaneously in
inverse ratio the scale along the axis of the ordimates.

The third, the intergal mathod of plotting the spsctrum of irradiance (Pig.
1.6 ¢) is characterised by the fact that to every wave length will be added the
integral value of measured irrediance. Summation is produced from the shortwave
boundary to the considered wave length. With such construction a continuwous
spectrum of irradiance will be depicted in the form o” a monotonically increasing
curve. This curve allows us to determine the value of irradiance for any spectral
interval, but does not allow us to clarify the structure of the spectrua. Limitation
in selection of ecale with such a method of comstruction of irradiance spectrum are
dropped.

By the above-~considered methods it is possible also to depict line, band, and
mixed specira. With an integral method of plotting line spectrum, the latter will
bs in the form of a broken line.

Mixed spectra are very convenlently depicted by the method of rectangles, since

it allows us to estimate enmergy of continuous and )ine spectra by means of the

compariscn of their aress.




CHAPTER II

SQURCES OF RADIATION

1. Clgssification of Sources of Radiation

From the physical point of view a source of radiation energy may be any system
of matter, in which there occurs transformation of the energy supplisd to it into
energy of radiation. In accordance with this, all sources of radiation energy it
is possible to break down into three basic groups -~ thermal, luminescent and mixed¥.

To the first group belong sources for which radiation energy is the result
of conversion of thermal energy. It does not matter by what means thermal energy
appears: as a result of passage of a current in a medium, by means of chemical
reaction, or as a result of the conversion of mechanical energy.

The second group includes sources for which radiation energy appears =»s a
result of excitation of atoms and mpleculses of a substance by some kind of external
exciter. Under luminescent radiation we understand optical radiation of a body
above its thermal radiation at that same temperature, lasting more than 10'10 gec,

In the third group are sources in which both thermal and luminescent radiation
simultanecusly assist.

The =ost widsspread group of radiation sources in nature are thermal sources.
The power of their radiation depends on temperature, dimension, and surface proper-
ties of the radiating body. At a given temperaturc and surface magnitude the

¥#Considered are sources of incoherent radiation of the optical range of waves.—-—
Editor's note.
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propertiea of a body from the point of view of radiation can be simply determinad
by absorbing ability g,, . Depending upon the character of the change in magni-
tude of the absorbing ability during a change in temperature of a body and the
wave length of radiation incident on its surfacs, thermal sources of the radiation
can be of three forms:

1. An ideal black body, for which absorbing ability does not depend on wave
length of radiation incident on it or on temperature of its surface and remains
alway=s equal to unity. Such a body, as compared to other bodies, has the biggest
emissive power of radiation at a given tempecature for all wave lengths.

2. A gray body, for which absorbing ability, while remaining leas than unity,
depends on temperature, but does not depsend on wave length of incident radiation.

3. A selective-absorbing body, for which absorbing ability, while remaining
less than unity, dependa on wave length of incident radiation and on temperature
of body.

2. Radiation of Id ck

An ideal black body (AChT), although it does not exist actually in nature, is
of interest for two reasons: first, it, at a given temperature, radiates maximm
energy content and, secondly, its radiation may be calculated theoretically.

Furthersore ) radiation of an ideal black body possesses properties which are
absent in many cases in radiation of real bodies, but are namely;

a) Radiation of an ideal black body is nonpolarized,

b) It will obey the la: of Lambert, and, consequently, the magnitude of
emissivity of an ideal black body in all directions 1s identical,

c) HBmissivity of an ideal black body is proportional to the square of the
refractive index of the medium in which radiant flux spreads,

d) Radiation of an ideal black body dapends only on wave length and temperature,

for which form of basic functions of rediation 7, =f(T) and r,=f (iT) has universal

character.




A model of an ideal black body with a very high degree of approximation can
be made in the form of a closed box with & small hole, walls of which are evenly
heated to the necessary temperature (Pig. II.1).

GCetting into the hole of the box, the radiant flux, after multiple reflection
on internal surfaces of the box is practically completely absorbed and only
accidentally, with vanishingly minute energy, can emerge from the hole.

If, however, we heat the walls of
- the box, then its hole will behave as an
m ideal black body with an area equal to

the area of the hole. Besides, in spite

of the fact that the internal surface of

’

% the walls of the box will radiate in

.,
v
7

i \~
Y
\‘

Fig. I1.1. Diagram of models sccordance with the properties of the
of an ideal black body.

material, full radiation of the box
through the hole will not depend on the material and properties of the walls, if
the temperature of its separate parts is identical.
Radiation of an ideal black body may be calculated in accordance with the
following laws.

Kirchhoff's Law

Kirchhoff's law indicates that the ratio of radiation and absorbing abilities
of the same point of a body, for the same wave length of radiation, the same

direction, and at a given temperature for all bodies is constant magnitude

:-‘l-ﬁ,‘l'— ... == const. (11.1)
T Oy

In the case of an ideal black body ( i = 1) equality (II.1) will take the form

(11.2)

L4
2 =F
.lr

AT




Fquality (71.2) mathematically connects radiation of an ideal black body with
the radiation of real bodies. As can be seen, emissivity of any body is equal to
the product of emissivity of an ideal black body and the absorbing ability of a
given body.

Kirchhoff's law is valid for any bodies, including gases, if they create a
purely thermal radiation, however, i rll not apply, if onto thermal radiation

is added luminsscent.

The Stefan - Bolt¥mann lLaw

Integral density of radiation of an ideal black body is proportional to the
rourth degree of its temperature
R=qT", (11.3)
where ¢ = 5,672 - 10'12;2_1:_;?‘ is the radiation constant (Boltzmann constant).
T = tC + 273 is absolute temperature of the body.

For a body with arsa S (in cm?) density of radiation will be determined by

reletionship
Fe==oST*, (11.2)

Frvm formula (II.3) it is clear that the temperature of a body renders a
decizive influence on the magnitude of radiation density of an ldeal black bodys
thus, for example, an increase of absolute temperature of a body 2 times leads to
growth of its radiation 16 times.

Fxgression (I1.3) determines radiation density of an ideal blsck body with
suriace S = 1 cm2 within limits of & hemispheres. For determining radiance of ideal
blacx body # within limits of solid angle w, the axie of which coastitutes angle

a with normal to heat-radiating surface S, it is necessary to u,e expression

(11.5)
.'=-i—S¢T‘cosa.
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Planck's law

Distribution of energy in tne readiation spectrum of an ideal tlack body is

described by Planck's law, whose mathcmatical expression has the form
_!._ -1
ir
'xrzcll-.(e — 1) ’ (11.6)
where 1 is wave length,
Tis absolute temperature,
12 2
¢y =3.740 - 107 w - cm,

¢y = 1.438 cm + degree.
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Fig. I1.2. Spectral intensity of radiation
density of an AChT (Ideal Black Body) at
various tempergtures.
KEY: (a) weem™  u ;3 (b) Wave length # .
The cuurse of curves of spectral density of radiation of an ideal black body

(AChT), calculated by tlhe formula of Planck, for certain temperatures is shown in
Fig. II.2.

Wien's Law

The position of maximum of a curve of radiation at different temperaturss of

an ideal black body is determined by Wien's law (law of diasplacement).

1-“‘1.:2896 Moy dego (II.?')

where Auaxc 18 expressed in x4 .

*The Russian subscript "makc" indicates "maximum".--Fd.
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Pinding from (I1.7) value Auaxc in cm and substituting it in (II.6) the value
can be obtained of spectral density of radiation at a point, corresponcing t0 Auaxe

Tuaxe = 1,301 10-¥T* é—- (11.8)

3. Radiation of Reql Bodjies

Radiation of real bodies differs from the radiation of an ideal black body.
Therefore, they are called "nonblack", implying with this term both bodies with
selective radiation and gray bodies.

As already was noted, radiation of these bodies, in the first place, is de-
termined by the behavior of the absorbing ability with a change of temperature of
the body and the wave length of incident radiation. PFurthermore, when calculating
radiation of real bodies it is necessary to consider that they are not isolated
from each other and that, due to this, fluxes of their radiation energy consist of
proper temperature radiation and reflected fluxes of energy radiated by neighboring
bodies,

How closely radiation of a real body with a given wave length and at a given
temperature coincides with radiation of an ideal black body can be judged if one
were to introduce the concept of coefficient of emissivity s,,:

' =_'§r+':r ,
\7) AChT (17.9)

whe=e Iy is spectral density of proper emission of body,
iy 1s spe:ztral density of radiation reflscted by body,
(ry\y)AChT is spectral density of radiation of an ideal black body.
From the resulting expression it is clear that in a case of cnly proper

emission of body (r,, = 0) the coefficient of em ssivity is equal to the absorbing

=2, (11.10)
In the presznce of proper and reflected radiation it is possible to introduce

the concept of a coefficient of blackness -, , under which we understand the ratio
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of full radiation of a given body to its temperature radiation

"r ";
1,,'..::-;—::]—}‘—'};'.

5 (11.11)

Comparing the resulting expressions, we will obtain
s, = Yrlr. (11.12)

From expression (II.12) it follows that for exposed bodies with high surface
temperature (yr=l) the coefficient of emissivity is equal to the absorbing ability
of a body, however, in the case of exposed bodies with low temperature or radiation
of internal cavities, the coefficient of emissivity and the absorbing ability of a
body can significantly differ,

For gray bodies, whose absorbing ability depends only on temperature and does
not depend on wave length of radiation, the law of integral radiation may be
recorded, taking into account the coefficient of emissivity % , values of which,
for different materials at definite temperatures, are presented in heat technology
reference bocks.

Although with the calculation of the radiation of gray bodies, the matter is
comparatively safe, since in this case it is necessary only to determine dependency
e,=f(T), nevertheless, when estimating the radiation of selective radiating bodies,
it is necessary additionally to consider dependency s,,=F[(2).

A widespread material in infrared technology with selective radiation is
tungsten, whose properties are sufficiently well studied and are presented in
special literature [1, 2], We will note only that very frequently it is required
to know the integral value of emissivity at a given temperature. These values can
be calculafted by empirical formulas,

a) for low temperatures (bslow 1,000° K)

& =0,671 ‘y’ pels (11.13)
b) for high temperatures (higher than 1,000°K)
¢y =05737/ p,T — 0,1763,T, (11.14)

where ¢, is specific resistance of tungsten in ohm : cm at temperature T°K,
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Since radiation of real bodies differs from radiscion of ideal black bodies,
in order tc be able to compare their radiation we use the concept of apparent
temperatures (pseudotemperatures). Under apparent temperature we understand the
temperature of an ideal black body whose radiation in a given spectral range gives
the same effect as radiation of a given body at its true temperature.

There are three such temperatures: energy 7, , luminance 7, and color Ty

Under snsrgy temperature we understand the temperature of an ideal black bedy,
at which it has a radiation identical with & given body having trve temperature T,

Te=—0w. (1I1.15)

*r

Luminance temperature corresponds to the temperature of an ideal bl- "k body,
at which its brightness for radiation with a wave length of 0.665 u is equal to

the brightness of a radiating body with temperature T with that same wave length
€ 1 i
ln(wjﬁ) (11.16)

From formula (I1.16) it is clear that lumirance temperature may be determined
for radiation with any wave length if the value of the spsctral coefficient of
blackness is known for it; however, in photometric practice its value is taken to
refer to wave length 0,665 4 .,

Under color temperature we understand the temperature of an ideal black body,
at which colorfulness of its radiation is identical with colorfulness of the
radiation of a real body with temperature T,

u:‘l"‘—,‘_.ij;:—,’:—. (11.17)

The difference between color and true temperatures is the result of selectivity
of radiation of different bodies. For gray bodies, for which the course of the
curve of spectral density of rediation is like the course of the curve of radiation
of an ideal black bedy, there will bs no such difference,

Knowledge of color temperature of real bodies has a large value during
appraisal of integral sensitivity of receivers of radiation with selective reaction

since it characterises the qualitative side of radiant flux.

28

N



L. Flectrical Sources of Radistion

Application of these or other sources of radiation energy as irradiating
devices in infrarsd instruments of active effect (with preliminary irradiation)
bezomes expedient, if they satisfy definite requirements, the chief of which are:

high efficiency in infrared region «f spectrum,

duration of action and stability of radiation,

possibility of using jointly with optical systems,

convenience of adjustment of radiation conditions,

minimun weight and dimensions with sufficient emissive power of radiation.

These requirements are satisfied most fully Ly electrical incandescent lamps
(Table 11.1)

Table 11.1., Characteristics of Radiation of Certain Radiators
in the Infrared Region of Spectrum

Distribution of FEnergy

General |Density in Percents in Region
Source of Radiation Density, | in Region of Spectprum, 4
w/cme 0.:;32 n - -
w — o~ N
d 1L
o - o~
Gas-filled Tungsten Tube,. | 0.0125 0.007 3.2 20.5 51.6
Electrical Arc........ eese | 0,034 0.024 12.8 5l 26
MQPC“I" v&mr mbeo cesmenvee 0l026 0-01 39 21 —
Helim 'l\lfbe---.o-o-oco--lc 00021 -— lm —t— ——
Pm 'rubeonow-v-ooo.ao-.c-. 0.@7 O.(m5 w 20 -

Electrical Incandeacent Lamps

In electrical incandescent lamps the energy supplied to the body of incan-

descence is expended on light and invisible radiation and losses on the bulb, gas,

29

S




e

= and holders. Numerical values of these magnitudes for contemporary tubes cof
*different power are presented in Takle I1.2 and show that electrical incandescent

lamps are economical and sufficiently powerful sources of radiation.

Table 11.2. Energy Balance of Electrical Incandescent Lamps

f Energy
: P, Wati| T, °K " Tappad Losses ( losses | Radiation | Visible
lu/w by Holders,| in on Outside Radiation,
Gas, £| Bulo, §| Bulb, ¥ ;4
25 | 2535 10.2 1.8 - 7.0 91.2 7
40 | 2710 1.1 1.6 2.5 7.1 66.8 6.8
60 2767 12.8 1.6 22'2 701 69.1 7-6
100 | 2837 15.4 1.7 18.5 7.0 72.8 9.3
200 | 2878 17.0 1.7 13.7 7.2 7.4 10,2
500 2340 19.6 1.8 9.2 6.7 82.3 1.4
1000 | 2395 20.5 L.8 6 7.1 82.1 12.0

Spectral characteristics of the radiation of certain types of tubes are shown
in Pig. II.3 and II.4.

At present, industry is releasing a great assortment of elsctrical incandescent
lamps, data on which can be found in corresponding catalogs and light technology
reference books. When selecting them as sources of radiation energy in infrared
instruments, it is necessary to consider the character of operation of the instru-
ments, the necessary force of radiation, the time of operation, the possibility of
supplying electric power by avallable sources, etc. One should give special
attention Lo the selection of electrical incandescent lampes if they are intended
for joint work with optical systems, since in this case an important, and sometimes
decisive factor, is the alse of the tube and its thermal conditions. This, first,

is connected with 1he placement of the body of incandescsnce in focus of the optical
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system and, secondly, with the cooling of the bulb of the tube inside a comparatively

snall volume of air in the fittings, closed, as a rule, by the infrared filter.

Furvhermore, such tubes are required to have high dimensional brightness, i.e.,

ratio of luminous inten3ity of tube to area of incandescence.

Fig. 11.3. Spectral intensity
of radiation of illuminating and
movie projection tubes 110 v,
500 w.

KEY: (a) Emissive power of

(-]
radiation ——‘;;g—-—per 50 A; (b)

Movie projection t.ube; {c) I1lu-
ninatlng tube; (d) Wave length,
Volt; (f) Watt.
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Pig. IX.4. Spectral intensity of
radiation of headlight and search-
light tubes.

KEY: (a) Emissive power of

s ow
radiation ——=— per 50 A (b)
=2 P 3

Searchlight; sc) Headlight; (d)
d2ve length,u;(s) Volt; (f) Watt.

Electrical Arcs

In irradiation instal“ations where it is required to obtain high radiation

intensity, simple and high-intensity electrical arcs are used (Fig. II1.5).

A simple arc will be formed between two graphite elsctrodes, whose cathode is

source of electrons, and on whose anode, as a reeult of bombardment of electrons,

there will be rformed a heated crater with temperature of an order of L. 000°K.

Radiation of such an arc is determined mainly by temperature of the crater, which

radiates nearly 85% of the energy, while the cathode radiates nearly 10%, and the

flame ~ 5% of the energy.
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Brightness of simple arcs attains 18,000-20,000 stilb when fed by direct

current and 12,000 stilb when fed by altermating current. Luminous efficiency is

12-14 lu/w.
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Fig. I1.5. Spectral radiation Piz. 11,6, Spectral radiation flux
flux level of simple arc. level of high-intensity arc.
KEY: (a) Radiant flux, %3 (b) KEY: (a) Radiant flux, %5 (b) Wave
Wave length, u . length, » § (c) Ideal black body at
T = 5000°K.

For improvement of light characteristics of arc it is necessary to increase
density of current between its slectrodes. In such arcs, having the name high-
intensity, electrodes have a soft wick, i.e., core, consisting of 30-60% mixture
of fluoride salts of rarv-earth metals, zoot or graphite and up to 4% boric acid
(Fig. I1.6).

Brightness of high tensity arcs attains 80,000 stilb due to adding the
radiation of a crater with a temperature of nearly 5,000°K to the pure temperature
of the luminescent radiation of heated vapors of rare-earth metals,

In connection with the higher temperature of a crater of such an arc, the
spectrum of its radiation will shift as compared to the spectrum of radiation of a
simple arc in the direction of shorter waves (Auuw.~06 4 ) . This also explains
the almost identical effectiveness of both types of arcs in the infrared region

of the apectrum.
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5. Radiation of Industrial and Military Objects

The activity of “he overwhelming majority of industrial and military objects
is connected with the application of energy installations, as a result of whose
operi.ion a large quantity of thermal energy and, consequently, radiation energy
is released. These objects have a definite thermal con.rast relative to the
surrounding background, due to which they can be revealed by instruments of infrared
technology.

In their properties &nd characteristics industrial and military objects can
pertain both to extended and to point sources of radiation. But in both the first
and second case the radiation of these objects depends on temperature, configuretion,
and area of radiating surrfaces, their mutual location and degree of blackness.

This causes a large variety in the radiations of effective objects both in power
and in spectral composition and space distribution of radiation energy.

It is natural that with such a variety of heat-radis ng objects a general
criterion for appraising their radiation cannot be formulated. It is expedient
to estimate in each specific case the radiation of objects which occupy a large
area and have a& very large quantity of sources of thermal radiation differing in
characteristics. Moreover the relative location of sources of radiation on an
industrizl site can essentially change tentative calculations. Calculation of
thermal radiation should be made by analogy with calculation of radiation of non-
black bodies, considering t‘hese objects, with sufficient accuracy for practice, to
be gray and diffusely radiating bodies. Such simplification allows the comparatively
simple estimation not only of integral radiation of an object, but also distribution
of radiation energy by spectrum.

Sometimes it is oxpedient to separate from a group of heat-radiating o' ects
in a considered territory one or two of the most powerful sources of radistion and

take their radiation as the radiation of an object on the whole. Error in




appraising radiation will be, in this case, less the more the difference bestwesen
temperatures of surfaces of selected objects and the remaining sections, and also
the smaller the area and the coefficient of emissivity of the latter. Such a method
of appraisal gives comparatively good results when dstermining radiation of
industrial objects of the metallurgical and metal-working industry, coke-chemical,
etc. factories, thermal electric power stations, and railroad junctions. On these
objects; as a rule, it is possible to separate separate objects: blast furnaces,
hot-blast stoves, coke batteries, furnaces for firing ore, cupola furnaces, open-
hearth furnaces, dumps of hot slag, pipe, basins for discharging water, open boiler
units, locomotives, etc., whose radiation sometimes exceeds radiation of surrounding
objects many times.

If it is not possible to separate separate heat-radiating objects on an

industrial site, then it is necessary to apply the "zone method".

The essence of this more tedious
method of calculation consists in the fact

. that the entire industrial site is broken

BY;
! down into separate sectiona (zones) with

obtjects having approximately identical

v temperatures and blackness coefficients

0 A -

Fig. II1.7. To calculate radiation
of objects in a vertical plane. For these objects is determined the

of their surfaces.

density of radiation in horizontal and
vertical planes (sometimes this is necessary to produce also from different
directions). Having arranged in a definite scale radiation densitiss of a given
zone in two mutually perpendicular planes, we connect their enas by a straight
line, on which, as on diame“er, we construct a semi-circle (Pig. I1.7). Then any
straight line conducted at angle ¢ from point O to intersection with semicircle

will determine in that same scale the radiation density in the vertical plane at an
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angle, Density c¢*® radiation of all of the industrial cbjective on the whole, to
whatever interesting direction, may be determined by means of geometric suematisn
of vectors of radiation densities of separate hsat-radiating objects in a given

direction,

$'$V$f’+.99:'+ ot Ay (11.18)

It is possible similarly to estimate radiation armd objects of military
technology. Calculation in this case is significantly simplified by the fact that
heat-radiating surfaces of military objects are concentrated in a small area and
are, as it were, local sources of radiation.

Actually, on ships basic sources of radiation are pipes and gas torches,
radiating radiant flux in the direction of the upper hemisphere; on tanks - the rear
armor plating under which is located the motor and exhaust branch pipe, for cannons
- the barrel heated during firing; for aircraft - motors and exhaust gases § and
for objects flying with supersonic speed (aircraft and rockets) there is the skin,
heated up to high temperatures as will be shown below, due to aerodynamic drag.

As an example we will ccnsider the peculiarity of radiation of aircraft
(aircraft and rockets), which are in this respect the most characteristic military
objects since in them are concentrated high energy capacity in a comparatively
amall volume and there occurs radiation of both the motors and exhaust gases and
the sheathing of the apparatus.

For aircraft with piston motors basic sources of infrared radiation are exhaust
branch pipes, ;1ses outgoing from branch pipes, and hoods of motors. Their
radiation intensity is determined, as in earlier considered examples, by temperature,
also fullness of comburiion
of fuel. Distribution of radiation energy in space is determined also by the degree
of shielding of heat-radiating surfaces by other parts of the aircraft.

Hoods of motors have comparatively low temperature (80 - 100°C) and . esmall

coefficient of blackness (0.2 - 0.45) which causes the low intensity of their
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radiation. However, depending upon type of aircraft, or more correctly on the
structural distribution of units of the power plant, radiation of hoods can spread
both to the front and to the rear of the hemisphere upward and downward.

Exhaust zases of piston motors include a large quantity of fine hard particles
of carbon heated to a temperature of 1,000-1,100°C. Their appearance in gas flow
is the result of incomplete combustion working, as a rule, witk a mixture insuf-
ficiently enriched with air. The presence of such particlec in gas flow signi-
cantly increases its emissivity and ensures a practically continuous spo::t.nm of
radiation of exhaust gases of a piston motor. The indicatrix »f the radiation of
exhaust gases, &8 a rule, is extruded in the direction of the rear hemisphere and
al.ng the tramaverse axis of the aircraft.

In the total balance of radiation of an aircraft with piston motors the
fraction of radiation of exhaust gases and hoods of motors oscillaies froi 35 to
45%. The remaining part (65-55%) is spportioned to radiation of exhaust branch
pipes.

Exhaust branch pires of motors ars disposed either under the center section
of ail ajrecrait or above it, along the longitudinal axis of an aircraft. Therefore,
propagation of radiation energy fru. the heated branch pipes can occur either in
the direction sf upper or lower hemispheres with : maxisum of radiation along the
vesnsverse axis of the aircraft. Propagation of radiation in the direction of
.ront and rear hemispheres, will depend on the degree of change of visible dimensions
of surface of Lranch pipes and dimensions of surfaces of elbow and branch pipes exit.

Temperature of branch pipes attains values of an order of B00-700°C near
collector, being lowerea, by measure of approach to cut off to 250-350°C. Material,
from which a braach pipe is prepared is heat-resisting steel oxidized in the procces
0 operating the aircraft. Therefore. th~ bliciness coefficient of the surfacaa of
Lranch pipes is sufficiently great, attaining values of 0.8-0.9.

The pres:ntec data aliow us in the example cf a Z-47, to estimate radiation

of an &ircraft with a comperatively low capacity power installation.
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On the C-47 two exhaust branch pipes with a diameter of 15 cm and a length of
nearly 100 cm are placed under the center section from the external side of each
of the two motors. Radiation of one branch pipe along the tranaverse axis of the
aircraft will be equal to 1.94 - 103 w, and it spreads in horizontal or wvertical
planes only to one side. The radiation intensity in a direction perpendicular to
the surface of the branch pipe will constitute a magnitude of the order of 620

w/sterad.

During appraisal »f total radiation
capacity of an aircraft it is necessary
to consider radiation of the two branch
pipes to all sides. Then the total

radiant flux due to radiation of only the

eylindrical part of two branch pipes will

Fig. 11.8. Indicatrix of the
radiation of a C~47 in the constitute
horigzontal plane.

& =2xDissT*=13-10" w

Consequently, the radiation cf all the C~47 wiil be equivalent to the radiation
of a point source with a power of

S=g=22100 ¥

Approximate distribution of radiation intensity of a C-47 in a horisontal
plane due to the radiation of branch pipes, exhaust gases, and hoods of motors is
shown in Pig. II.8.

For jet aircraft at subsonic speeds of flight a basic source of radiation is
the jet engine together with the extensfon pipe and exhaust cone (if there is one),
and also the jet of gases outgoing from the noszle. In distinction from a piston
m>tor the specific gravity of the radistion of gases here is significantly less due

to a fuller coz-ustion of fusl al a surpilus of oxygen and the absence, due to this,

4
-3

in the gas strear of ha eated particles of carb 1. Radiation of the gas fraction,
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in the form of two-taree atomic molecules, has a band spectrum coinciding with the
absorption spectrum of analogous molecules in tne air. Therefore, radiation of
heated vapors of water and carbon dioxide, separated in the biggest quantity during
full combustion of carbohydrates, does not play any noticeable role in the total
balance of radiation ol the gas stream at low altitudes. However, it can render

noticeable influence at great heights where contents of CO; and H,0 are small

(Fig. I11.9).
( )gi a In literature [3, 4] is indicated
a) B} \
o 4
?}% 01 that radiation of a gas stream of a Jet
x ——
§§ a engine with a temperature of 1,200°K hae
Sq Wf
§§ :; a maximm near 2 ¥ . During emissivit -
- -
%E a2 \ e =(0,] total radiation intensity of gas
s S0 AV
'"'i- et ,“’ t 7 g Siream constitutes 6.8:10715 yom~2.4egb,
(%) Loume Fosns:, on
Form of the jet of gas stream and
Fig. I1.9. Spectral intensity of
radiance of a jet of gases du~ing distribution of temperature in it are
combustion c¢f kerosene fuel.
KEY: (a) Spectral intensity of shown in Pig., II.10 [5].
radiance, w/cm? - sterad * 4 ;
(b) Wave length. In comnecticn with this, radiation

of jet aircraft basically is conditioned
by radiation of the internal cavity of the extension pipe, the walls of which have

a temperature of the order of several hundreds of degrees, and open parts of the

motor (blades of the turbines, the exhaust cone).

Blades of the turbines are washed by the gas {low with a temperature of

700-750°C at a exhaust velocity of 300-400 m/sec. Therefore, if one were to con-
sider aerodynamic heating, temperature of the oclades of a gas turbine can exceed

800°C, since with such a speed increase of temperature ir. places of full braking of
gas constitutes a magnitude of an order of 45-80°C [6].

In Fig. I1.11 are given experimental data [7) on temperature increase of air
in the compressor at altitudes of 11,000 - 25,000 m, which show that blades of
- "/_
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turbines, on the end of it and examined through the exhaust nozzle exit of the

extension pipe of the motor, can have a significant temperature.
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Fig. 11.10. Form of jet a) and
distribution of temperature in
the gas stream of a jet ine
with traction of 300 kg ,gﬁ

Fig. I1.11. Temperature increase
of air along the axis of the
compressor at heights of 11,000-
=25,00C m,

XEY: (a) Temperature; (b) Distance Transition from Fahrenheit tem-
from axis, m; (c) Axis of stream; perature scale to centigrate scale
(d) Distance from noszzle exit, m. is carried out by the formula
pec—g P
KEY: (a) Temperature,’F; (b)
Inlet; (c) Length of compressor.

In comnection with this the indicatrix of the radiation of a jet engine, and
also the jet aircraft on the whole, in distinction from the indicatrix of radiaticn
of an aircraft with piston motors, has a sharply directed character. Basic radi-
ation must be in the direction of the rear hemisphere. The character of the radi-
ation indicatrix for each type of jet aircraft will be determined by thermal con-
ditions of thas motors, their number, and also the geometric relationships between
length and diameter of the extension pipe, the base between motors and the length
of the fuselage.

With transition to supersonic speeds of flight a source of thermal radiation
of an aircraft is the sheathing of the airframe where specific gravity of rediation
of sheathing in the total balance of radiation intensity of the aircraft con.in-

wously increases with growth in speed of flight. Besides, increase of spsed of
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fiight requires application of higher energy propellants and, consequently, radi-
ation of the pro, .3'on system also will be increased.

Now much work is conducted on the creation of new, more chemically active
fuels, In particular, fuels are being developed with inclusion of powdery metal
which during combustion would separate a large quantity of heat (for instance,
aluminum, beryllium, lithium and others). In this case radiation of the gas stream
will be sharply increased due to radiation of heated particles of metal oxides and
increase of the radiation factor of the stream. Another direction in the creation
of highly active particles of metal oxides and increase of radiation factor cunsists
of the development of synthetic compounds of hydrogen with certain elements (boron,
lithiun, and others). Obtained thus, the fuel pentaborane (a compound of boron
with hydrogen) at combustion separates 1.5 times more heat than the usual fuels,
This undoubtedly will lead to an increase of emissive power of radiation both of
the motor and the gas streanm.

During supersonic flight sheathing of aircraft brakes the encountered air
flow, its kinetic energy passes into heat, causing heating of the boundary layer

and the sheathing to a temperature of Ty, the magnitude of which may be calculated
by the formula

(11.19)
where To is temperature of tha braked layer of air, °K;

T+ is temperature of the air flowing around the body, °K;

o is speed, m/sec;

M is Mach number.

The relationship of the sbsolute temperature of the undisturbed air flow and
the temperature of the flow braked to sero spsed at different Mach numbers is given
in Table II.3.
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Table II.3. The Ratio of the Tempersture of Undisturbsd Air
Flow to the Tamperature of Air Sraked to Zerc Speed at Various

Mach Numbers.
M 0 1 | 2 2.5 '3 4 5 10
I/T, i 0.883' 0.556 | 0.444 | 0,357 |0,238]0.167 | 0.048

In FPig. 11.12 are given computed heriing curves of the surface of an aircraft
due to braking of air flow, with supersonic speed of flow at altitudes u; to 1 km,
withouvt calculation of losses in radiation. For higher speeds of flight at heights
from 11 10 <5 km the heating curve of the shenthing of an aircraft at places of

full braking is presemted in Fig. II.13 [7]. 50
o /]
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Fig. II.12. Teaperature of the ”
surface of an aircraft at point Fig. 1I.13. Temperature o braking

of brak dependi upon speed depending upon Mach number at
ok “ne upon epe }aights of flight 11,000 - 25,000 m.

of flight. _
KEY: (a) Temperature of surface, KEY: (a) Temperature of braking,
°C; (b) Speed of flight, lm/hr. °F; (b) Mach number.

Ths given curves, ottained by means of calculation by the formula (II.19),
give satisfactory agreement ,ith expsrimental dcta, although losses of thermal
ene; ;y due to radiation were not considered. These losses will be higher the

higzher the temperature of the surface and the wore ite emissivity coefficient e This

dependency [8] is shown in Tig. II.l4.
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¢ '&7 / Besides heating of the aircraft's

- ”'-’”"‘”" /,; i | sheathing due to aerodynamic braking of
';‘ _/{ the air, its heating occurs also due to
3 882
§m // friction in the boundary layer. The
S o // N+20000n] magnitude of aerodynamic increase of
3 200 / ' temperature in this case may be calculated

P ,4/: Ll from relationship (II1.9), taking into

(o) wuces m account Prandtl number (Pr)

Fig. I1.14. Equilibrium temperature

of a body during serodynamic heating,
taking into account radiation.

KEY: T t oy (b) Mach —=AD VPr=085-" . 11.20
numberf‘) smperature, °Cj (b) Mac aT Aﬁ,—,l’ﬁ 0.85 7060 ( )

Temperature of heating of sheathing of certain contemporary aircraft in
flight (ti.e United States) is presented in Table II.J.

Table II.4. Fxperimental Data on Hea.ing of Sheathing of Certain

Arcraft [9])
Type of Atreraft ¥ ‘ Temmutgﬁg of Sheathing

oC oK
Convair F-106........ e 1.5 60 333
MacDonald F-101........ . 1.6 62 335
Lockheed F-104A......... 2.0 122 395
Martin XB=68......00000. 2.5 214 487
Bell X-2.....c00uu ceeees 3 333 606

Establishad or, az it ia otherwise callsd, squilibriuvm temperature of sircrait
sheathing sets in not at oncr, For that a definites time is required, depending on
thermal conduction of the sheathing material, its emissivity, and height of flight

of the aircraft. As an example in Fig. I1.15 are presented curves of skin heating
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of aircraft during supersonic flight with speed corresponding to Mach 4, at heights
of 6,100 ard 36,600 m [10].

As can be seen from Fig. II.15, at a height of 6,100 m an equilibrium temper-
ature of aircraft sheathing, squal to 630°C, is established in less than 1.5 min
of flight with a speed of Mach 4, whercas at height 36,600 nn it is established only

after 20 minutes.

ne ( A=blior | Heating of aircraft sheathing during

§90
o supersonic flight permits the aircreft
&, 500
5‘” t. become a source of intense radiation
& 346
gm /iﬁ%— of infrared rays, the flux of which
ol ‘ practically spreads to all sides within
)
ekl limits of solid angle & x. This csmi~

0

(v) ,,':,, ,,M,,,,,fw,, » directional redistion, the magritude of

Fig. II.15. Growth of surface which in a given direction will depend
temperature of aircraft in time
during flight speed of Mach 4. on dimenesions of projection of the surface
KEY: (a) Temperaturs, °C; (b)
Time of flight, minutes. of the aircraft, its emissivity and

temperature, will be added to the sver-
increasing, sharply directed radiation of jJet engines and will amake aircraft zore
vulnerable to detection and destruction (target-seeking guidance and exploding of
rockets) by means of infrarsd technology.

To lower thermal radiation of the airframe of supsrsonic aircraft is virtuwally
possible only by the application of materiais fcr sheathing with very low emissivity,
Howsver, this requiresent is in cont=adiction with the requiremeont of high emiesivity
of sheathing material for its interse cooling in ordar to increase the durabilite
of aircraft during supsrsonic flight (the problem of the thermal barrier).

Still more powerful sources of thermal radiation are rockets, whose spsed of
flight significantly exceeds sonic. For rockets, the basic causes of appsarance
of thermal radiation are the heating of the body during oparation of the motor,
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aerodynamic heating during flight in dense layers of atmosphere, and heating of
the body of the rocket due to solar radiation during its flight in space. PFurther-
more, in the initial stage of flight, a powerful, although brief, source of radi-
ation is the jet of heated gases ejected by the motnr.

Due to the operation of the motor, the body of a rocket and especially its
tail part can be heated to significant temperatuvres, since temper ‘ure in the
combustion chamber attains 2,000~3,000°C; however, the most int 3 nse heating of the
body occurs due to the flight of a rocket in dense layers of atmosphere.

Thus, for instance, it is kaown that the Cerman rocket the FAU-2 (A-4), due
to friction against air at a flight speed near 5,600 km/hr, was heated to red
incandescence. Calculation of the body temperature of the FAU-2 rocket by the
formula (I1.20) shows that its temperature constituted a magnituds ot ‘he order of
950¢°C.

If one were to consider dimensions of a rocket (length near 14 m, maximum
diameter 1,65 m) and its form, then it is possible to estimate its radiation as a
magnitude of the order of 4,000-5,000 kilowatt.

Space rockets additionally are heated by solar rays during flight in space
f11].

The heat balance of space rockets (burning of fuel, asrodynamic heating and
heating by solar rays), in the final result, determines {.e resultant temperature.
F2ating of the body of a rocket due to its irradiation by solar rays should be con-
sidered only during its flight in space, w!.tere heating due to friction is practically
absent, and the motor of the rocket has ceased its work. Appraisal of this radi-
ation can be conducted in an exampla of a hypothetical space body of apherical
form, having a shell from material with emissivity e= 1 (ideal conductor of heat).
Solar constant is 1,200 w/uz. Under the action of this irradiation the surface of
a sphere turned to the Sun will be evenly heated proportionally to the product of

the solar constant by the area cf projection of the sphere (area of grmsat circle)



and inertialesuly will tranmmit heat to that part of the sphere which is turned
from the Sun. Such a state of heating of sphere will continue as long as radiation
from all of the surface is not balanced by radiation incident from the Sun. PFor

a sphere, tlLe total surface and area of projections are connected by ratio 4 : 1.
Consequently, a heated sphere will radiate 290 w/a? only due to solar irrsdiation,
which corresponds to radiation of a shell with a temperature of 290-300°K,
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CHAPTER III
PROPAGATION OF RADIATION ENERGY IN THE ATMOSPHERE

The air envelope of Earth - the atmosphere - is that medium, in which there

.. occurs transfer of radiation energy from source to receiver. Composition and

property of the atmosphere, in many respects, predetermine effectiveness of appli-

= cation of infrzred instruments.

l. Composition of the Atmosphere

Atmosphere of Farth constitutes a mechranical mixture of gases and fine solid

particles in it in suspension. Such a mixture is called aerosol.

Table IJI.1. Basic Solid, liquid, and Gasiform Impurities
in the Atmosphere

Impurity Dimension, am Nugzgr in Z::; of
2
1 cm/sec
Molecuies of Gases.... 10"8 2, 8-1019 -
Ions: light........ - 2. 5*.10‘8 5-10"2 —
AVerage.... ... . 10-7 103 -
ho&Vy......---.. 10-6 103 —
Dust: cosmlic...ccvvece 10‘5-.10“* -— ' -
terrestrial..... 10~4—10-2 10R—10% 10~3
Condensation nuclei... 10‘6—-10'5 102105 10"7
Dmpa: h&ze remseas s s e 10‘5—10-1‘ 102"-103 10-3."'10_2
fos R N R I A B Y W 10“""‘10‘3 10— '103 10-3_?)'50-2
driZZlQ. es se s lo-i l—lo 1
I‘ain...--.--..- 10- ]‘—L 5 102
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tresene  f Coro er miying, T* Alrs ors‘ar ¢ -eighte if "he corjer -7 [H-¥ R,
Howsvrr, {n rea. a'gonphere -or'aining wa'e- vapor, Lhe percenage of gases clhainges
depending upon the quantity of ateam.

In the atmosphere, in variable quantity, are water vapor ari polid and ilquid
impurities (Table 1II.1). Their quantity in the atmosphere changes, depending upon
the geographic medium, the activity of man, anda nature. In this group one should
include carbon dioxide and ozone, which, along with water vapor, solid, and liquid

impurities, affect optical properties of the atmosphere.
Water Vapor

Depending upon temperature and humidity, the atmosphere can contain from O to
4% water vapor fin volume). Dimensions of its molecules vary from 11-107° io
14-10° ¥ , With » lowering of temperature quantity of water vapor drops (Table
I11X.2). Differing alsc are average contents of water vapor, depending upon

geographic latitude {Table III.3).

Table III.2. Change of Pressure of Saturated Water Vapor

E and Absolute Atmospharic Humidity A for Earth,
Depending Upon Temperature

t, °C =20| -15(-10 | -5 | O | +5 |+10 +20 +30 | +4,0| +50

%, mm Hg om [0.9511.43|2.14]3.16/6.58}6.54]9.21 [17.54131.82]55.3192.5
e, mb 1.2711.01]2.8506.22/6.1 [8.64|12.26]23.2842.42|73.7|123
A, p/r’ 1.08[1.6 |2.35/3.41/.86)6.32]9.41 |17-32]30.38|51.1{82.8

With increase of height, quantity of water vapor sharply decreases, since
affecting its distribution are the low temperatures and processes of condensation

and also ine distance from the surface on which cccurs the process of evaporation.

L7




v egree : £ & AV o F
e B B I (AR Suatis St s
‘of/Cﬂ' }8.5 ! i6.8 13 A 9 8 "7 < 5./ 3 N
, ] 79 75 71 70 N 78 '82

For average conditions, decrease of absolute humidity with height (water vapor

pressure) may be approximately expressed by barometric formula

a,—a, 10 (111.1)
where B = 5,000 for lower layers of the atmosphere if height is expressed in met.rs.

Proceeding from expression (IIT.1), one should expect that water vapor pressure
or a2bsolute atmospheric humidity at 2,000 m will be half as much, at 5,000 m will
be ten times less, at 10,000 m one hundred times less than at the surface of earth.
Research confiims this position and shows that the basic quantity of vapor is
concentrated in the lower 5-kilometer layer. The presence of moisture at great
heights is connecten, as a rule, with vertical displacements of air masses, however,
in spite of this, vapor pressure at the boundary of the troposphere (11,000 m) drops
to ey = 0,0137 mb.

A number of authers, characterizing the humidity of the atmosphere, operate
with an idea of water content under which they understand the quantity of water
precipitated 1.1 a layer of a single section with extent L

W=a,l, (111.2)
where a, 1is absolute atmospheric humidity at height H.
Water content of a layer may be defined both in mass units (g) and in units

of length (mm).
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acber (1 ¥l ie 8 rreger’ (¢ atmrerhers aF A regu.t nf vital a-tivity o7
rrganic nature ant emanation from the arth's ~rust, however, {*e ~rnteancs in the
surface layer are nonuniform. Thus, its average content in pure rural air is taken
to be 0.03% ty volume, whereas above cities its content can reach 0.05%,

Due to the vertical mixing of the atmosphere such concentration of carbon

dinxide is kept constant to heights of the order of 20-25 km.
Ozcne

Ozone (03) in the atmosphere is contained up to 0.00004%. Distribution of
ozone in the atmosphere is nonuniform. In lower layers of the atmosphere ozone is
contained from 0.000001 to 0.00001%, and at a height of /3-70 km only traces of it

are observed.
Solid and Liquid Impurities

Besides water vapor, ozone, and carbon dioxide, in the atmosphere, constantly
present, are duet, smoke, particles of salt, pollen of plants, bacteria and microbes,
drops of water, and small crystals of ice. The majority of these impurities not
only will directly dim atmosphere, but also have a large value in cloud formstion
and fog, coming forward in the role of condensation nuclei of water vapor.

Distribution of soiid and liquid particles by height i1s intimately connected
with their rate of drop, which may be calculated by Stokes' formula

9=1,26-10°-r* cm/sec (111.3)
where r is radius of particle, cm.

This formula agrees well with expsrimental data for particles having & radius
not more than 10‘3cm, and shows that particles by dimension less than 1 4 drop
with such insignificant speed (v < 10~<cm/sec) that they turn out to be in suspension

and are easily carried by ascending flcws upward.

L9
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where ¥ is coefficien® of turbuiencs,

n, is number of particles in 1 ce’ of air near earth.

Ratio 2. can lie from 405 (by Vigrand) to 750 (by Zaytsev and Gayvoronskiy).

Atmospheric dust can have cosmic, volcaniec, and ground origin.

In the surface layer of the atmosphere the main cause of its turbidity is
ground dust, smoke, bacteria, sait, and hydrometecrs.

Weight measurements show that in relatively transparent rural air there is
contained up to 0.00025 g of dust in 1 cm3, being increased almost three times in
a period of drought and arid winds. 1n dry clear weather in 1 r:m3 of air there is
contained up to 130,000 dust mctes, decreasing after rain to 32,000-30,000. Above

water surface quantity of dust significantly decreases (Table ITI.4).

N Distribution of dust in atmosphere is
' \X determined not only by the state of the
1, weather and the geographic medium, but also
g 3 \ by the activity of man, especially in industrial
%z &\\ regions. City dust and smoke of industrial
T I enterprises, as a rule, are disposed at heights
am [7] Nos 10000 100000

(D) vucra nevnuron 8 1cabosiyza not higher then 700-500 m, however, i case

Fig. IIT.1. Distribution of dust of intense vertical displacements of air they
motes by heights.
KEY: (a) Height, lam;_ (b) Number can be carrisd to great heights.
of dust motes in 1 cm’ of air.
The presence of a sign’ficant quantity of
dust in the surface layer of atmosphere sharply decreases its transparency (Fig,
177.2), and the presence in it, additionally, of hydrometeors and waler vapor to an

even larger degree worsens the transparency of the surface layer.

”
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Hydrometeors are formed in air uporn achievement of a saturating concentration

Cisvance froe shore, km |

of water vapor (at a given temperature), when vapor pressure attains maximum value,
Formation of hydrometeors promotes presence in air of hygroscopic impurities - con-

densation nuclei.

Appearance of hydrometeors causes

="00 \
)
g 80 \ & sharp turbidity of atmosphere.
3
S " Depending upon the degree of turbidity
£
$ v \\ of the atmosphere, they demonstrate:
Sw
S Sl Haze with visibility 1-10 km;
a0
= 400 600 853 1000 1200 100 1600
({)'fduua mmuuo:lwu’h.riy.u Fog with visibility less than
Fig., III.2. Dependency of 1 km.
meteorological visual range
on dustiness of atmosphere. Observations show that in water fogs
KEY: (a) Visual range, lan;
(b) Number of dust motes in drops are encountered with dimensions from
1 cm3 of air.

0.1 to 50-60 ¥ . In this case these drops
become visible to the eye and settle on earth in the form of drizzle. The over-
whelming majority of drops have a dimensior of 7-i5 s during positive temperatures
and 2-5 # during negative, Quantity of drops in 1 cm® of air constitutes 50-100
for weak fog and 50-600 for strong.

In haze, which is the initial stage of developmment of fog, the dimension of
drops is less than 1 4 , and their quantity in 1 cm’ of air does not exceed 10-40.,

For the convenience of comparing fogs we characterise them by water content,
i.e., quantity of concentrated moisture ir a unit of vclume. Magnitude of waver
content of fog depends on quantity and dimension of drops and on temperature of air

(Table III.5),

“



W, p/m | ©.050.18 | 0.16-0.25 | 0.18-0.65 | 0.180.7

€.3-1.2 i .5 1.5

Ortical properties of fogs in many respects are similar to properties of
clouds: they reflect the sunlight well (p=~ 0.8) and they have selective absorption
of radiant flux. Scattering of radiant flux is proportional to the number of drops
in a unit of volume and their dimension, i.=., water content of fog.

Theirefore, it is comparatively simple to calculate visual range in fog by the

formula

rs
L=c-g. (111.5)

where Tep is average dimension of drops of fog,
W 1is water content of fog,

c=2,5,ifr _is in 4, and W is in g/h3 (usually in practice we consider

cp
r =15 u ).
cp

2. Weakening of Radiant Flux in Atmosphere

From the point of view of visibility, basic optical phenomena occurring in
the atmosphere, lead to a weakening of radiant flux spreading from the observed
object to the observer, and a lowering of the brightness contrast of an object
relative to the surrounding background.

Weakening of radiant flux in etmosphere can occur in general both due to
scattering and absorption of radiation energy. The first shows in the most con-
siderable manrer in the visible region of the apectrum; the second shows in the
ultraviolet and especially in the infrared region.

It is possible to Judge the character ol weakening of radiant flux of the
atmosphere by Fig. III,3, where there is graphically shown spectral irradiance of

the upper layers of atmosphere 1 and the surface of Earth 2 by solar rays at noon.

*
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(T11.%)
where @ is radiant flux entering the medium,
® is radiant flux outgoing from the medium,
t—e~? 15 coefficient of transparency of a medium with an extent of 1 km;
p=1ln-1. (111.7)
The given formulas are just for nomachromatic radiant flux, spreading horizon-
tally in the atmosphere with a constant attenuation factor on all of the section.
During propagation of radiant flux vertically or at an angle vy to the horizon,
the attenuation factor p can endure sharp changes, connected with heterogeneity

of the atmosphere at various heights,

{ ' In this case one should bresk down

[

s 3

by height the thickness of the atmosphere

4”

-
o

/
/ .
f \ in n equal layers, within 1imits of which

the value of the attenuation factor re-

4
/ N

f/ \’ N mains constant, and should determine for

N

,4// \'}-:..\e“\ each layer the coefficient of trans-

o

(a) Odwgvewrocme,omn.ed.
S
P

a ﬂ)) a3 qias5 ! 4 J

Aruma Bonnot, wn parency. Then total transparency of a
Fig. I11.3. Spectral intensity
of irradiance of upper layers of layer of atmosphere by height H will be
the atmosphere (1) and the asurface
of Farth (2). defined as the product of the cnefficients
KEY: (a) Irradiance, relative
units; (b) Wave length, « . of tranaparency of separate layers:

T S0 a2 S —H A (111.9)

If, however, radiant flux sprecds slanted at an angla ¥ to horizon, then

an3 (111.9)
‘\]z'}ﬂ hd

During propagation in the atmosphere of complex polychromatic radiant flux,
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it is necessary to determine transmicsivity fcr separate monochromatic fluxes, and

then total transmissivity from ratio

icmsla

§ = —

}'xsx‘ﬂ (111.10)

where r, is spectral density of intensity of radiation,
S, is apectral sensitivity of receiver of radiation.
In simpler cases for approximate calculation we use averaged value of
attenuation factor 8. for monochromatic radiant flux within limits of the entire

layer of atmosphers, where there occurs a transfer of radiation energy,

°=f°oxe’°°“dl- (111.11)
Transparency of the atmosphere is a function of scattering and selective
absorption of radiation ererg in the atmosphere. Tharefore, it is possible te
present total transparency of atmosphere as the product of the coefficient of
transparency caused by the scattering of radlant energy 1, and the coefficient
of transparency caused by the selective absorption in it tux:
(111.12)

€= %p%tu.y

3. Scattering of Radiation Fnergy in the_ Atmosphere

Under energy dissipation of radiation in some medium, including the atmosphere, |
we understand the process of deflection of radiant flux from its initial direction.
In the atmosphere the cause of acattering is its ortical heterogeneity and, occurring ;
oecause of this, the refraction, reflection, and diffraction of radiant flux in

these heterogeneities.

WPhr SRR

Depend'ng upon the relationship between the dimensions of particles of the

Lk

dispersed phase and the wave length of radiant flux, scattering may be molecular

aRE o

(in particles of minute dimension), diffractional (in particles commensurable with
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wave length), and geometric (in particles of large dimensions). In real atmcsphere,
where there are particles of practically any dimensions, all three forms of
scattering exist simultaneously.

For visible light the attenuation factor of radiant flux due to scattering
may be determined, if the meteorologica’ visual range is krown:

L-__l;,?, (111.13)

where B 1is the attenuation factor for A = 0,55 & (mile~1].

Based on this expression, Zhil'bert [1] obtained attenuation factors of
visibie radiation due to scattering depending upon tne state of the weather, and
also compared them with scattering coefficient in pure dry atmosphere f, calculated
by the formula of Rayleigh (see Table III.6).

Table TII1.6, Weakening of Visible Radiation ( * = 0.55% ) During
Various Degrees of Turbidity of Atmosphere

L, km State of Atmosphere 5. Mile™l Pi%
< 0.02 Very strong fog > 85.6 > 6,060
0.05 Strong fog 85.6 6,060
0.2 Moderate fog 21.4 1,515
0.5 Weak fog 8.54 606
1 Strong haze 2.14 151
4 Weak haze 1.07 75.6
10 Cleay 0.427 30.2
20 Very clear 0.214 15.1
) S0 Excellent visibility 0.0713 5.06
. For radiation with a wave length other than 0.55 4 , the attenuvation factor

without calculation of selective absorption may be determirsd from ratio
h =(o.55>‘ .
TN (1T1.14)
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This formula ccincides well with practical results when appraising the
weakening of infrared rays by atmosphere with a meteorological visual range of
more than 10 im.

Jebby and other authors (2] determined the transmission of radiant flux in
separate windows of transperency of the atmosphere on a route extendinz 4,200 m,
depending upon metecrological visual range. Interpolation of the obtained data
allowed them to construct convenient curves for calculation of transparency of
atmosphere in the infrarecd region of the spectrm under different atmosphsric
conditions due to scattering of radiant flux in it (Fig. III.4). In all cases

the equivalent layer of precipitated water was taken as constant (17 mm), and the

meteorological visual range was calculated by relationship (III.13).

Scattering of radiant flux of dry

f 'é-”ﬂ' ;' —/,——-‘ﬁ )
| J‘_ﬂ );_;_._:__",__.j and pure atmosphere, with which we
ToEE—L — deal at t heights, with
' :/g// //, usually deal at great heights, a
X i / / ! sufficient degree of accuracy, coincides
8 _L/ / - ! with the laws of molecular scattering,
Sa——8 f studied in detail by Rayleigh.
]
h ! 1 3 4 . Considering the scattering of
('b) druna Soans:, mx
radiant flux by gas ions and separate
Fig. III.4. Transparency of the
atmosphere due to scattering at bunches of molecules appearing as a
different distances of meteor-
lJogical visibllity on a base of result of continuous chaotic motion of
1.85 km.
KEY: (a) Transmission; (b) Wave the latter, Rayleigh introduced the law,
length, u .

"When light ls dispersed by particles,
minute as compared to any of the wave lengths, the relation of amplitudes of
oscillations in scattered and incident light is reciprocal to the square of the
wave length, and the relation of intensities - to their fourth degree".

Mathematically this law may be expressed by the following dependency,
o - (at—1p

\ =g {1+ cos'9), (111.15)
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where ¢' is the coefficient cf scattering in a given direction; angle ¥ with

A
direction of incident monochromatic radiant flux is a component:

n is index of refraction of air;

N is number of molecuies in 1 emd of volume;

r is distance from dispersing medium.

Rayleigh’s law is vali-l as long as the ratio of diameters of particles and

vave length remains significantly less than unity. As azhown by the work of M. V.
Shuleykin, Rayleigh's law is vzlid for drops with a diameter of not more than 0.42 &4 ,
With increase in diameter of particles exponent with w: 2 length decreases (Table

III1.7), changed also is coefiicient A:

o = Ar-h, (III.16)

Table I1I.7. Change of Coefficient k in Expression (III.16) with
Change of Diameter of Dispersing Particles

d, %
&

0,42
4

0,52 0.59
3,5 X

0.64 0,68
3 2

6
5 2

g

In accordance with this, if, for a case of ideal molecular scattering, formula
(T11.16) takes the form & = 0.0082 .i-% then in high-altitude conditions for dry
atmosphere ¢ = 0.012 .1-** and in the case of moisture content in a quantity of
10 mm of condensed water

¢,==0,0008 X 1-1."%,

Diffractional Scattering

In real atmosphere always present in suspension are solid and liquid particles,
the dimensions of which are commensurable or exceed the wave length of the spreading
radiation. Fnergy dissipation of radiation in them is more complex and may be

described by the following mathematical dependency:

R= 1 [(ad),
(111.17

2wp n
TI pz'i;'a'




where #® 1is intansity of scattered radiation energy;
? is radius of dispersing particles;
n, n, are indices of refraction of . particle and air.

In distinction from molecular scattering where the polar diagram is symmetrical
relative to the primary beam and in & direction perpendicular to it, during dif-
fractional scattering there is observed symmetricaliness only relative to the primary
beam, and the indicatrix may be expressed by equation

R,=1+ pcosp+ gcos'p. (111.18)

Coefficients p and q depend on substance of particles and their dimensions.
For fog with average water content p = 2,7 and q = 3.

With increase in gq, i.e., ratio of pto A, the diagram of scattering is
extruded forward. Energy thrown back and to the sides decreases, approaching in
limit to 16.8% of all decreased energy (geometric scattering).

Hutton and Stratton found that in the case of diffractional scattering the

coefficient of scattering 8, is function
Pa= 2*9%}
k= f(a).

Since k depends on dimension of particles and wave length, then at A = const

(111.19)

the curve in Fig. III1.5 gives dependency of scattering coefficient on dimension of
particles, but at P = const - on the wave length of the spreading radisnt flux.

A particular case of diffractional scattering is the case of the scattering of
radiant flux on limiting large particles - geometric scattering. It is characterized
by two basic positions:

a) magnitude of scattered energy does not depend on wave length of radiant
flux falling on the particle:

b) energy of radiation thrown in the direction of the primary beam is 24 times

more than the energy thrown to the opposite side.

.
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b) Aaduyc nanems, an

Fig. I1T.6. Distribution of drops
in fog by dimensions.

KEY: (J Number of drops in 1 om’;
(b) Radins of drops, u .

In spite of this, in practice is observed the best passage of long-wave
infrared radiation in a turbid atmosphere, where geometric scattering is basic.
This is possible to axplain, first, by the dependency of refractive index of the
reflecting particle on wave length and, secondly, by the presence in atmosphere,
along with big particles, of a very large quantity of small particles (Fig. III.6),
which on the whole :nakes atmosphere more transparent for long-wave radiation.

Best passage of turbid atmosphere, including fogs, by long-wave radiation is
confirmed by a munber of works, in spite of the presence, in this region of the

spectrum, of selective absorption.

L. Selective Absorption of Radiant Fnergzy

During absorption of radiant flux in the atmosphere there occurs its weakening
due to transition of part of the radiation energy into other forms of snergy:
thermal, mechanical, and chemical. Characteristic for such weakening is the fact
that absorption of radiant flux in the atmosphere is selective and exists only for

those waves whose frequency is resonance for moleculess of gases composing the

atmosphere. As a rule, in such selective absorption of radiant flux participate
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rolyatomic molecules of gases and in the first place water vapor (Hzo), carbon
dioxide (CO,), and ozone (03).

Ozone has the moet important absorption bands in the far ultraviclet part of
the spectrum between 0.2 and 0.32 4 with Auaxc = 0.255 4« ; in the visible region

— with Awaxe = 0.6 4 , where the coefficient of absorption is p = 0.068 cm™t

; in
the infrared ragion of the spectrum in a range of wave lengths 4.53-4.95 u ;
8.3-10.6 # (B = 0.255 ca™l) and 12.1-16.4 & .

Carbon dioxide has a series of absorption bands in the infrared region of the
spectrum, from which the strongest are the narrow band 4-4.8 , and the wide in a
range of 12.9-17.1 ¥ with Awsx'= 14.3 4 .

Water vapor contained in atmosphere in relatively large quantities, has a
large number of wide absorptior bands in visible and infrared regicns of the
spectrum. In the visible region of the spectrum are five relatively weak absorption
bands by water vapor, namely: 730.4~682 mu , 606~586 mu. , 578-567 mu , 547.8-542 my
and 511.1-498 mu . However, even near the infrared region of the spectrum there

are strong and wide absorption bands: 0.926-0.97¢ & , 1.095-1.165 # , 1,319~
-1.498 u., 1.762-1.977 u and 2.52-2.845 & ..

':: In Fig. IIT.7 is depicted trans-
et i : parency of atmosphere with a thicimess
10 f" T
) 1Tum Hz0
§§:: I 7 L U of 1,830 m, according to Jebby, for wave
”l
2“3«) lengths to 14 u .
Biw
iéu - 17 : The fullest and most detziled re=-
< 10
—~ 8 search of spectral transmittance of the
N 1 2 ¢ 5 67 8 9118 11121311

(b) Lsuwa Boanm, n=
Fig. III.7. Transparency of

atmosphere in the infrared range of the

atmosphere by Jebby. spectmm was conducted by Taylor and
KEY: (a) Transmission of

atmosphere with a thickness Vayts [Whites, Waites] in 1956 [3]. 1In
of 1830 m7%; (b) Wave length,

“. this research they studied transparency

of a horizontal layer of atmosphere above

#The Russian subscript "make” indicates "maximum",--Ed.
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a water surface, length of sections correcponded to 305 m; 5.47 and 15.2 km.

As a result of research there was obtained a fine structure ¢f spectrum of
transmission of the atmosphere in a wave range of 0.6~15 « .

The works of Jebby, Tsylor, and Uayts [Whites, Waites] allow us, with
sufficient accuracy, to de¢ ermine those sections of spectrum, within the limits of
which the atmosphere is more or less transparent for infrared rays. Thus, for air
at sea level with a content in the layer of precipitated water 13.7-17 mm there
are "windows", i.e., sections transparent for infrared radiation, with the

following wave lengths,

0,95-1.05 & 3.3~4.2 u
1,15-1.35 « 4.5-5.1 u
1.5=1.8 4 8-13 &
2.1-2.L u

With increase of height above sea level the peasband width of the "windows"
of atmosphere is increased (Pig. 1II.%) due to decrease of air demsity and quantit:

of water vapor in it.

e

A sufficiently simpie method of

calculating transparency of the
Oum

atmosthere inside a wide spectral

(a) Messsmrenve, %
=
tr

fiam band was offered by Flder and Strong
3
' S TP W .4 | [5]. Their method of calculation
mwu(guiinmn
Aauna basws, un is based on the experimentally fixed
Fig. I11.8. Spectral coefficient
of absorrtion of the atmosphere fact that the more equivalent the
at various heights.
kK=Y: (a) Absorpticn, 7; (b) Vave layer of absorber W, the less the
lenpth, 4 .

additional increase of absorption
caused an increase in equivalent layer of absorber to magnituce dW. Mathemat..

ically this position may be described by approximate empirical equation

ta—{,— ¥k log W, (1171.20)
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Fquation II1,20 is based on the assumption that spreading radiation occupies
a sufficieqtly wide spectral range, in order to include some absorption bands.
Therefore, Elder and Strong broke the spectrum of infrared radiation 0.72-14 &
down into 8 sections, for which values of coefficisnts to and k were determined
(Table III.B8).

Table 11I.8. Sections of Infrared Spectrum and the Value
of Constants in Equatior (III.20)

No. of section Boundary zf k to
I 0.72-0.92 15.1 106.3
II 0.92-1.1 16.5 106.3
II1 1.1-1.4 17.1 96.3
Iv 1.4-1.9 13.1 81.0
v 1.9-2.7 13.1 72.5
VI 2.7=4.3 12.5 72.3
VII L4.3-5.9 21.5 51.2
VIII 5.9-14 — -—

For the case of atmosphere free from solid and liquid impurities (based on
Elder and Strong, over 2-3 km), but containing water vapor, the solution to
equation (I1I.20), depending upon the concentration of water vapor, is shown in
Fig. I11.9, where, to determine water content of the atmosphere at heights over

3,000 r, Elder and Strong applied expression

%)
V=a.;§0 L,
where a, is absolute mmidity for earth, g/em’,

(111.22)

H is height, lm,

L is distance, m.




The graph in Fig. I11.9 allowr us,

'
L h § N \ with respect to definite water content,
§_ ) \ \ \\ - to determine transparency of the atmosphere
§” S\\- - % due to selective absorpcion of water
;‘E“ ’ &\ vapor inside any section of the spectrum
Su \- &\\\ at heights over 3 km. However, the

&

. ] squation of Flder and Strong does not

w o
(D) mbubesenmmi coui Boin, aw
consider weakening of radiant flux by
Fig. II1.9. Graphic interpretation

of equation ve.=t—% .0g J. haze. Using data of many observations
KfY: (a) Transmission, relative
units; (b) Equivalent layer of for heights over 2-3 km (pu